Purpose Induction chemotherapy (ICT) with docetaxel, cisplatin, and 5-fluorouracil (TPF) followed by concurrent chemoradiotherapy (CCRT) has the advantages of organ preservation and systemic control in head and neck cancer (HNC). Early prediction of CCRT efficacy may help identify patients who will benefit more from surgery than from CCRT. We investigated the role of interim 18-fluoro-2-deoxy-glucose positron emission tomography computed tomography (FDG PET-CT) after ICT to predict the efficacy of CCRT and clinical outcomes. Methods Tumor responses were retrospectively reviewed after CCRT based on the Response Evaluation Criteria in Solid Tumors. FDG PET-CT imaging was performed before and after three cycles of TPF. We examined the associations between the metabolic response (percentage decrease in the maximum standardized uptake value [SUVmax] and total metabolic tumor volume [MTV]) after ICT and complete response (CR) to CCRT, progression-free survival (PFS), and overall survival (OS). Results We studied 43 HNC patients with a median follow-up of 32.7 months. Lymph node (LN) SUVmax and total MTV decreases from baseline after ICT were greater in patients with a CR to CCRT than in non-CR patients (LN SUVmax, 88.8% vs. 62.5%, respectively; total MTV, 99.7% vs. 89.9%, respectively). Decreases in total MTV ≥ 78% and LN SUVmax ≥73% after ICT predicted CR to CCRT and longer OS and PFS. Conclusions Using interim FDG PET-CT to measure SUVmax and total MTV after three cycles of ICT may be a useful technique for identifying HNC patients who will benefit from CCRT and predicting survival outcomes.
Introduction
Concurrent chemoradiotherapy (CCRT) is the standard treatment for nonsurgical management of locally advanced head and neck cancer (HNC) [1] . Although the role of induction chemotherapy (ICT) is controversial, interest in ICT followed by CCRT has been renewed in recent years. Advances in locoregional therapies, such as surgery, radiotherapy (RT) and CCRT, have been accompanied by an increase in distant metastases as a result of treatment failure, which has stimulated interest in systemic therapies such as ICT [2] . Previous studies have reported an association between ICT and fewer distant metastases [3] and a higher radiological complete response (CR) when ICT was administered before CCRT [4] ; this suggests that ICT may promote organ preservation and help to avoid surgery, which is associated with high morbidity. Several studies have shown that response rates, disease-free survival, and overall survival (OS) were significantly improved in patients who received ICT with taxane, cisplatin, and 5-fluorouracil (5-FU; TPF) compared with those receiving cisplatin and 5-FU alone [5] [6] [7] [8] . However, TPF has not been shown to have a clear advantage over CCRT alone in terms of OS [9, 10] .
Recently, early responses to chemotherapy were reported to predict survival outcomes in metastatic colorectal cancer [11] . Furthermore, the HNC response to ICT has been shown to predict the response to subsequent RT and disease control [12, 13] . Given that a good response to ICT is associated with a better outcome with combined chemotherapy and RT, it is possible that the response to ICT could be used to identify patients who will benefit more from further treatment with CCRT than from surgery. However, there is little evidence to suggest that the response to triple induction therapy is predictive of the response to subsequent CCRT.
18-fluoro-2-deoxy-glucose positron emission tomography computed tomography (FDG PET-CT) can be used to assess the response to therapy, as well as for diagnosis and staging workup. Several studies have used the metabolic response to FDG PET-CT as a prognostic marker of treatment outcome in HNC. Metabolic tumor volume (MTV) and the maximum standardized uptake value (SUVmax) before CCRT are associated with OS, local control [14, 15] , and response to CCRT [16] . Additionally, percentage changes in SUVmax and MTV during ICT are associated with local control rate, progressionfree survival (PFS), and OS [17] [18] [19] . Although several studies have investigated metabolic responses in relation to OS, few have examined the direct association between changes in SUVmax and MTV and the response to CCRT. Changes in SUVmax after doublet chemotherapy with S-1 and cisplatin have been shown to predict CR after CCRT [20] . Further larger studies using triple ICT are needed to support the potential clinical utility of interim FDG PET-CT to predict outcome and response to CCRT.
We investigated the role of interim FDG PET-CT after triple ICT as a predictor of the efficacy of CCRT in HNC.
Materials and methods

Patients and tumor assessment
We retrospectively reviewed the medical records and imaging data of HNC patients who underwent ICT followed by CCRT at Chonnam National University Hwasun Hospital between September 2008 and August 2014.
Eligible patients had histologically proven squamous carcinoma and nasopharyngeal carcinoma of the head and neck, were initially diagnosed as stage II to IVB according to the American Joint Committee on Cancer criteria, and were not suitable for surgery. FDG PET-CT imaging was performed before and 1 day after three cycles of ICT to assess the metabolic response. Tumor responses were evaluated using the modified Response Evaluation Criteria in Solid Tumors, metabolic response in FDG PET-CT and laryngoscopic examination after three cycles of ICT and 8 weeks after the completion of CCRT. Patients with another primary malignancy, and those who did not receive planned chemotherapy due to severe concomitant illness, were excluded from the study. In total, 47 patients with HNC received ICT assessed by interim FDG PET-CT. However, three patients received RT alone due to their poor general condition and one patient received five cycles of ICT; thus, the data of 43 patients were collected until patient death or April 2016.
Our study was approved by the Institutional Review Board of Chonnam National University Hwasun Hospital.
Treatment
The patients received docetaxel, cisplatin, CCRT was started within 5 weeks of the last ICT cycle. RT was administered 5 days/week with daily fractions of 1.8 or 2.0 Gy. The median radiation dose was 66.0 Gy (range: 43.2-72.0 Gy). We treated 32 (74.4%) patients with intensitymodulated radiation therapy and the remaining 11 (25.6%) were treated with three-dimensional conformal RT. The concurrent chemotherapy regimen was one dose of cisplatin (75-100 mg/m 2 ) every 3 weeks.
Imaging acquisition and measurement of metabolic parameters FDG PET-CT was performed using the Discovery ST PET-CT system (GE Medical Systems, Milwaukee, WI, USA). Briefly, all patients fasted for 6 h before receiving an intravenous injection of FDG. A low-dose CT scan was performed for attenuation correction 50 min after the FDG injection (5.55 MBq/kg body weight). Then PET images were acquired for 150 s per bed position. Data were reconstructed using ordered subset expectation maximization reconstruction (128 × 128 matrix, 3.27-mm slice thickness; subset: 21, iterations: 2). The degree of FDG uptake was assessed using a semiquantitative technique in which a volumetric region of interest was placed over the FDG-avid lesions, and the highest value was selected (SUVmax). The MTV was measured by applying a fixed SUV threshold of 2.5 as the lowest limit of the segmentation criteria. MTV was measured in the primary site and metastatic lymph nodes (LNs), and the total MTV was defined as the sum of the primary and nodal MTVs. The metabolic parameters were measured on an Advantage Workstation (GE Healthcare, Milwaukee, WI, USA) using PET volume computer-assisted reading software (ver. 1.0).
Statistical analysis
Continuous variables were expressed as means ± standard deviation. Chi-square or Fisher's exact tests were used to compare categorical variables, and Student's t-tests were used to compare continuous variables. Kaplan-Meier analysis was performed to assess cumulative survival and time to death or progression, and the log-rank test was used to assess the correlations between end points (CR, PFS and OS) and decreases in SUVmax or MTV. Multivariate analyses were performed using a Cox proportional hazards model and logistic regression analysis to identify independent prognostic variables (forward selection). A one-sided p-value of 0.05 was considered to indicate statistical significance. All statistical tests were performed using SPSS for Windows software (ver. 21.0; IBM Corp., Armonk, NY, USA).
Results
Patient baseline characteristics
The baseline characteristics of the patients are shown in Table 1 . The study included 43 patients, of whom 38 (88.4%) were male and 5 (11.6%) were females. The median patient age was 61 years, and 20 (46.5%) patients were older than 65 years. The most common primary tumor sites were the hypopharynx (n = 16, 37.2%) and nasopharynx (n = 15, 34.9%). A total of 17 (39.5%) patients had stage IVA disease and 10 (23.3%) had stage IVB stage.
Treatment outcomes
Following ICT, 6 (14.0%) patients achieved CR and 36 (83.7%) achieved a partial response (PR). One (2.3%) patient showed progression after ICT and salvage surgery was recommended; however, the patient refused surgery and subsequently received CCRT.
After CCRT, 26 (60.4%), 13 (30.2%), 2 (4.7%), and 2 (4.7%) patients demonstrated CR, PR, stable disease, and progressive disease, respectively. Of the 26 patients who achieved CR, cancer recurred in 7 and 5 patients died of disease progression. Of the 17 non-CR patients, 8 died of disease progression. Thus, at last follow up, 13 (30.2%) patients had died. The median follow-up duration was 32.7 months (range: 7.2-88.3 months). The 2-year OS and PFS rates were 72.7% and 61.1%, respectively. The median OS and PFS were not reached.
Association between decreases in SUVmax and total MTV after ICT and CR to CCRT Baseline SUVmax (SUVmax0) and SUVmax after ICT (SUVmax1) of the primary and LN lesions are shown in Table 2 . At baseline, the median LN SUVmax was 7.1 (range: 0.0-21.0), and after three cycles of ICT the median LN SUVmax decreased to 2.0 (range: 0.0-16.7). The median percentage decrease in LN SUVmax was 76.0% (range: 27.5-100.0%). Patients who achieved CR after CCRT showed a greater decrease in LN SUVmax than non-CR patients (88.8 vs. 62.5%, p = 0.009; Table 2 , Fig. 1a, b) .
The median total MTV at baseline (MTV0) was 45.7 (range: 4.1-187.6), and the median total MTV after three cycles of ICT (MTV1) was 1.0 (range: 0.0-88.4). The median Table 3 , Fig. 1c, d ).
Our examination of proportional decrease, in LN SUVmax and total MTV, to identify the optimal cutoff value, revealed several rates of LN SUVmax and total MTV that predicted CR to CCRT, PFS, and OS. A 73% decrease in LN SUVmax was the strongest predictor of CR to CCRT (p = 0.007), PFS (p = 0.011) and OS (p = 0.003). For total MTV, a cutoff of a 78% decrease predicted CR after CCRT (p = 0.021), PFS (p < 0.001), and OS (p < 0.001; Supplementary Table 1) .
We performed a logistic regression analysis including age, sex, performance status (PS), stage, tumor site, ≥ 73% decrease in LN SUVmax, and ≥78% decrease in total MTV to identify prognostic markers for CR after CCRT. The univariate and multivariate analyses revealed that a ≥ 73% decrease in LN SUVmax and total MTV decrease ≥78% were significantly associated with CR after CCRT (Table 4) .
Decreases in LN SUVmax and total MTV as prognostic markers
In terms of the LN SUVmax response, the median PFS in the poor metabolic response group (LN SUVmax decrease <73%) was 17.1 months, whereas the median PFS in the good response group (LN SUVmax decrease ≥73%) was not reached (hazard ratio [HR] = 5.3, p = 0.011). Furthermore, the poor metabolic response group had a shorter OS than the good response group (HR = 7.7, p = 0.003; Fig. 2a, b) . When patients were grouped according to total MTV response, the median PFS was 8.7 months in the poor metabolic response group (total MTV decrease <78%) but median PFS in the good response group was not reached (total MTV decrease ≥78%; HR = 20.4, p < 0.001). Similarly, the median OS was 16.6 months in the poor metabolic response group but median OS was not reached in the good response group (HR = 35.1, p < 0.001; Fig. 2c, d) .
Additionally, we performed a Cox proportional hazard regression analysis to assess the utility of age, sex, PS, stage, tumor site, LN SUVmax decrease ≥73% and total MTV decrease ≥78% as prognostic markers for PFS and OS. The univariate analysis revealed that a ≥ 73% decrease in LN SUVmax and total MTV decrease ≥78% were associated with longer PFS and OS. The multivariate analysis revealed that a total MTV decrease ≥78% (HR = 7.5; 95% CI = 2.7-20.9; p < 0.001) and an LN SUVmax decrease ≥73% (HR = 3.0; 95% CI = 1.1-8.0; p = 0.014) were prognostic markers for PFS. Moreover, a ≥ 78% decrease in total MTV (HR = 17.0; 95% CI = 5.0-57.4; p < 0.001) and ≥73% decrease in LN SUVmax (HR = 5.2; 95% CI = 1.4-19.0; p = 0.003) were significantly associated with OS (Table 5 ).
Discussion
Our study is the first to investigate the role of interim FDG PET-CT after ICT with TPF as a predictor of the efficacy of CCRT for HNC.
ICT before RT or CCRT is a treatment option for advanced HNC, particularly for tumors in the oropharynx, hypopharynx, and larynx, where organ preservation is an important therapeutic consideration [1] . Triple therapy with TPF is the standard ICT regimen [5] [6] [7] [8] . Salvage surgery is recommended for patients who do not achieve CR after CCRT; however, the complication rate of salvage surgery after CCRT is higher than that of primary surgery, possibly because poor quality tissue contributes to less than optimal wound healing and postoperative function [21] . Thus, early prediction of the response to CCRT would allow clinicians to consider surgery following ICT for patients predicted to have a poor response to CCRT. Furthermore, although the ICT response rate is generally high, clinical outcomes are mixed and CCRT after ICT can cause severe toxicity [22] .
We found that interim FDG PET-CT after ICT could be used to assign patients to treatment and predict the outcomes of CCRT. Patients showing deterioration after ICT might show decreased CR with subsequent CCRT. FDG PET-CT enables clinicians to evaluate the metabolic response to therapy and identify possible biomarkers of outcome and survival. Studies comparing FDG PET-CT with CT have demonstrated higher efficacy of FDG PET-CT in patients with advanced HNC [23, 24] . Furthermore, FDG PET-CT after ICT has been SUVmax maximum standardized uptake value, MTV metabolic tumor volume, HR hazard ratio, CI confidence interval shown to be a better predictor of outcome than the endoscopic response or magnetic resonance imaging results in patients with HNC [25, 26] . A decrease in FDG uptake after therapy has been associated with prognosis and CR in other malignancies [27, 28] . In HNC, a significant decrease in SUVmax after one cycle of ICT indicates a better prognosis and local control [17, 29] . Changes in SUVmax after two or three cycles of ICT with S-1 and cisplatin are associated with CR after CCRT, PFS, and OS [20] . However, because TPF ICT administered in three cycles is the treatment of choice, it would be premature to evaluate the response to ICT after the first cycle, and few studies have investigated the role of interim FDG PET-CT in triple ICT for HNC. All of our patients received the standard triple regimen and completed three cycles of ICT. Moreover, we investigated the associations of MTV and CR with survival outcomes.
We found that patients who achieved CR after CCRT showed greater decreases in LN SUVmax (88.8% vs. 62.5%, respectively; p = 0.009) and total MTV (99.7% vs. 89.9%, respectively; p = 0.020) after ICT than did non-CR patients. Moreover, multiple regression analysis revealed that a ≥ 73% decrease in LN SUVmax and ≥78% decrease in total MTV predicted CR after CCRT. Thus, we cautiously suggest that interim FDG PET-CT after ICT can be used to assign patients to treatment including CCRT and surgery.
Notably, a decrease in the LN SUVmax, and not in the primary site, was a predictive factor. The primary lesion may involve more inflammation and physiological uptakes than the LN after ICT, so a decrease in the SUVmax of the primary lesion could be underestimated. There was no difference in the SUVmax of the primary lesion after induction chemotherapy in the non-CR and CR groups (3.6 vs. 2.2, respectively, Table 2 ), so it could not be a predictive factor. Moreover, the LN was usually smaller than the primary lesion, and the decrease in the LN SUVmax could be overestimated due to partial volume effects.
We examined the association of changes in LN SUVmax and total MTV after ICT with survival outcomes. Several previous studies have shown that SUVmax and MTV before CCRT, and changes in SUVmax and MTV after ICT, are associated with survival [14, 15, 17, 18] . Our multivariate analysis revealed that changes in total MTV and LN SUVmax were associated with PFS and OS. However, changes in total MTV were more strongly associated with survival than were changes in SUVmax. This difference may be explained by the fact that MTV is a volumetric and metabolic biomarker of the tumor; thus, unlike SUVmax, MTV can quantify the overall tumor burden.
Our study had several limitations. First, it was a retrospective analysis of a relatively small number of patients. First, this study was retrospective. The PET scan time from our protocol was not sufficient to reproducibly evaluate the FDG uptake in tumors. A prospective study is therefore necessary to measure metabolic parameters within a consistent range and compare them before and after therapy. Second, patients in this study were heterogeneous. We used the stage and cancer site for parameters to predict outcomes, but they were not significant. When we divided the patients by cancer sites, nasopharynx (n = 15) vs. other sites (n = 28), there was no significant marker for predicting outcomes in the nasopharyngeal cancer group. But in the other cancer site group, the LN SUVmax decrease and total MTV decrease remained as valid parameters for predicting outcomes (Supplementary Table 2 ). Because these subgroups were too small to be reliable, further studies involving more patients are necessary. Third, our cutoff values were based on data from a single center; thus, further studies are needed to validate our findings. Nevertheless, we found marked differences in clinical outcomes when patients were classified as good or poor responders according to cutoff values, and our findings were consistent with those of a previous study [20] . Fourth, suspected residual lesions were confirmed by pathological biopsy, and the responses were assessed by radiological and laryngoscopic examination. Moreover, we found differences in incidence of chemotherapy during CCRT, and method of radiation among patients. However, we found no differences in CR, PFS, or OS according to the type of chemotherapy or method of radiation (data not shown).
Our findings suggest that interim FDG PET-CT after three cycles of triplet ICT may predict the efficacy of CCRT in patients with HNC, and we cautiously suggest that metabolic parameters measured by FDG PET-CT after ICT can be used to further assign patients to treatment and predict the prognosis after CCRT. However, future prospective studies with large sample sizes are needed to validate our findings. 
